Objective-Brain tissue undergoes dramatic molecular and cellular remodeling at the implanttissue interface that evolves over a period of weeks after implantation. The biomechanical impact of such remodeling on the interface remains unknown. In this study, we aim to assess the changes in mechanical properties of the brain-electrode interface after chronic implantation of a microelectrode.
Introduction
Chronic implantation of microelectrode arrays in vivo leads to changes in the molecular and cellular composition of tissue at the brain-electrode interface that stabilizes over a period of several weeks after implantation. While brain tissue has been extensively characterized in vivo, in situ, and in vitro using histological and immunohistochemical methods, the accompanying changes in the constitutive properties of the brain-electrode interface in vivo is not well understood. Such quantitative physical characterization of the dynamic changes in the electrode-tissue interface will (a) drive design and development of more mechanically optimal, chronic brain implants and (b) will lead to new insights into key cellular and molecular events such as neuronal adhesion, migration and function in the immediate vicinity of the brain implant. It has been hypothesized that the mechanical mismatch between the microelectrode and the brain tissue under chronic conditions leads to an aggravated tissue response including severe glial scarring [1, 2] . This response in turn is commonly hypothesized to result in deterioration in signal quality at the brain-electrode interface [3] [4] [5] [6] .
Material properties of the brain tissue have been extensively characterized in vitro and in vivo using multiple material testing methods such as uniaxial compression/tension testing, indentation, rheology, acoustic and magnetic resonance elastography (MRE) methods [7] [8] [9] [10] [11] [12] [13] [14] . Most in vivo testing utilize either indentation or MRE methods, the former being more invasive than the latter. In general, brain tissue has been characterized having a strainrate dependent behavior with a time-varying creep component. Models describing brain material behavior have a hyperelastic component or a nonlinear, viscoelastic component that behaves differently under different strain rates. Typical values for the elastic modulus of the brain tissue range from 1 kPa -100 kPa depending on test method, condition, and region of brain (i.e gray or white matter) [15] [16] [17] [18] [19] [20] . For instance, at higher strain rates (i.e as observed in typical MRE studies with vibration frequencies of 70-120 Hz), the elastic modulus has been estimated to be ∼30-40 kPa with a shear modulus of ∼10 kPa [21] . Indentation experiments with needle probes that have micrometer dimensions typically utilize lower strain rates. Miller et al showed that the elastic modulus was 3.1 kPa [16] in a porcine specimen. Sharp et al showed that in rats at low loading rates (11 μm/sec) the estimated elastic modulus was ∼4.5 kPa, while at high loading rates (822 μm/sec) the estimated elastic modulus was ∼10.5 kPa [18] . Estimated elastic modulus was ∼8.2 kPa in human cadaver brains using an indentation method at a loading rate of 0.5 mm/sec [20, 22, 23] . These variations in material properties have different implications for high deformation and strain rate conditions such as traumatic brain injury (TBI) (with strains ∼0.9) and for slower, or smaller deformation conditions such as the penetration of surgical probes and moveable microelectrodes. Prior studies such as those cited above suggest that the tissue is significantly stiffer at higher strain rates. In addition, mechanical failure of neural tissue in tension typically occurs at finite strains of 0.1 -0.3, while other data suggests tissue in compression fails at strain of 0.3 -0.5 [24] . Tissue mechanical failure is also expected to be strain rate dependent, where lower strain rates have been shown to have lower failure stresses [25, 26] .
The material properties are also expected to change with respect to age and disease. Gefen et al showed that brain tissue decreases in stiffness with age in rats [27] . However, Shulyakov et al reported an increase in elastic modulus, though the differences could be attributed to the absence or presence of dura mater and other meningeal layers [29] and their effects on force measurements. Sack et al showed liquefaction of human brain tissue between ages 18-88 in an MRE study [28] . Recent studies show cerebral viscoelasticity as an emerging biomarker for diseases such as multiple sclerosis, and other neurodegenerative diseases [30] . Prange and Margulies showed an increase in stiffness properties in diseased, epileptic tissue versus healthy brain tissue [31] . Walsh & Schetinni showed an increase in brain tissue elastic properties for hypertensive dogs [32] .
Studies on mechanics of implanted microelectrodes have focused on the mechanics of penetration and extraction in acute experiments. However, long-term changes in the material properties of the brain tissue in the immediate vicinity of a brain implant (within approximately a couple of hundred micrometers from the implant) have not yet been carefully characterized. Such characterization will be crucial to the success of chronic brain implants both in the optimal design of implants and in understanding the functional dynamics of cells confined within this interface. In this study, we aim to characterize the dynamics of changes in the material properties of the implant-tissue interface around a microelectrode implanted in brain tissue over 8 weeks. Using a precision load cell, we measure forces experienced by the microelectrode as it moves through brain tissue after different durations of implantation. The force-displacement curves obtained from these measurements are then used for subsequent analysis to determine the material properties of the tissue-microelectrode interface. Using hyperelastic, viscoelastic models of brain, we estimate the dynamic changes in the elastic and shear moduli of the brain tissue in the interface.
Materials & Methods

Surgical procedures for chronic force measurements
Using a customized jig with a removable load cell for long-term studies, dynamic and equilibrium forces on a microelectrode probe were measured in vivo in adult SpragueDawley rats (250-300 g). A diagram of the experimental setup is shown in Fig. 1A . A total of 31 rats were used for all acute and chronic time point measurements. For chronic measurements, we implanted a microelectrode 1 mm deep in the somatosensory cortex in a total of n = 20 Sprague-Dawley rats. Each custom jig contained one stainless steel microelectrode probe that was used to evaluate forces on the microelectrode under chronic implantation conditions ranging from 1 day (n=4), 10 days (n=2), 2 weeks (n=2), 4 weeks (n=4), 6 weeks (n=4), and 8 weeks (n=4). Due to mounting issues, the implant in one rat at 8 weeks failed and measurements could not be made. All animal procedures were carried out with the approval of the Institute of Animal Care and Use Committee (IACUC) of Arizona State University, Tempe. The experiments were performed in accordance with the National Institute of Health (NIH) guide for the care and use of laboratory animals (1996) . All efforts were made to minimize animal suffering and to use only the number of animals necessary to produce reliable scientific data.
The animals were induced using a mixture of (50 mg/ml) ketamine, (5 mg/ml) xylazine, and (1 mg/ml) acepromazine administered intramuscularly with an initial dosage of 0.1 ml/100 g body weight. The anesthesia for update contained a mixture of 50 mg/ml ketamine and 5 mg/ml xylazine. Updates were given at a dose of 0.05 ml/100 g body weight based on the toe-pinch test. In chronic experiments, rats received analgesics for buprenorphine (0.05 mg/ kg) and meloxicam (1 mg/kg). The rat was attached to a stereotaxic frame (Kopf Instruments, Tujunga, CA, USA). After the skull was exposed, three stainless steel bone screws (19010-10 Fine Science Inc., Foster City, CA, USA) were screwed into the skull to act as anchors. One craniotomy (∼2.0 mm diameter) was drilled for the microelectrode probe with the center point being 2.5 mm lateral to the midline and 2.5 mm posterior to the bregma. After the bone chips were carefully removed with a micro-dissection scissor, the dura was incised to allow for microelectrode insertion. The craniotomy was isolated from external flesh and skin by placement of a small washer well. The center of the well had exposed brain tissue that was hydrated and maintained free of debris during the chronic exposure to the microelectrode probe. The stainless steel microelectrode probe was premounted onto the load cell and slowly inserted into the brain at a rate of 10 μm/s. The microelectrode probe was implanted to a depth of 1 mm in the rodent somatosensory cortex for all chronic experiments. Forces experienced by the microelectrode during the insertion/ penetration process were monitored using a precision load cell. After implantation, dental cement (PMMA) was used to secure the load cell onto the skull. Gelfoam was placed around the microelectrode over any exposed brain tissue and a mylar cap was sealed over the craniotomy well to prevent debris from entering. For daily maintenance of the brain tissue in the craniotomy, rats under chronic implantation conditions were anesthetized using 1-4% isoflurane during which the mylar cap was removed and the exposed brain tissue was washed with 0.9% saline prevent dehydration of the tissue, infection and accumulation of any clots. Force measurements performed on brain tissue 1 mm away from the insertion site after 4 weeks and 8 weeks showed similar values as those on brain tissue during the first week of implantation demonstrating the mechanical integrity of the brain tissue in the craniotomy. Wound care and daily maintenance were crucial in obtaining accurate long-term measurements at the interface of brain-microelectrode contact.
Experimental set-up
Chronic forces were measured using a custom built jig with a removable load cell (Fig. 1B) . A connecting pad with a magnetic pad was loaded onto a sensitive 10 g load cell (Futek, LSB210, Irvine, CA). Separately, a customized jig with adjustable nylon struts to hold a stainless-steel microelectrode in place at the craniotomy was constructed. The stainless-steel microelectrode (FST#26002-20) had a 200 μm shaft diameter with a 5° taper (Fig. 1C) . At the tip, the probe tapered to 10 μm in diameter. Stainless steel probes were used because of their high elastic modulus (∼200 GPa) and their resistance to bending on contact with brain tissue compared to smaller probes [33, 34] . The microelectrode was mounted onto an adjustable, custom-made nylon jig. This jig was built with a magnetic top for attachment with the load cell. To ensure no additional force was placed on the microelectrode, the forces were monitored while mounting. During surgery, the jig with the microelectrode was pre-mounted on the load cell and slowly lowered on to the brain in the craniotomy using a micromanipulator (FHC#50-12-1C, Bowdoin, ME). Contact with the brain tissue was confirmed with observation by a stereomicroscope and by observation of forces using the load cell. Using the micromanipulator, the microelectrode was placed 1 mm into the brain tissue (Fig. 1D) . After placement of the microelectrode at 1 mm depth inside brain tissue, the two nylon struts were lowered gently on to the skull and fixed with dental cement. After the jig was confirmed to hold its place with the microelectrode inside the brain, the load cell was gently removed by unclasping the magnetic holder. After different durations of implantation (1 day (n=4), 10 days (n=2), 2 weeks (n=2), 4 weeks (n=4), 6, weeks (n=4), or 8 weeks (n=3) after implantation), the load cell was remounted on the jig gently. The outer support struts holding the microelectrode in place were gently cut off with a hot blade. The hot blade essentially melts the nylon struts without inducing any torque on the microelectrode itself during the cutting process. The load cell and the microelectrode were also monitored under a microscope to ensure it did not move during the transfer process. After the support struts are cut, the load of the microelectrode is completely transferred to the load cell. The forces on the microelectrode were monitored for 30 min to ensure equilibrium conditions before indentation experiments.
Chronic force-displacement curves
The sequence for chronic measurements was to 1) implant microelectrodes at 1 mm depth on day one at 10 μm/sec, 2) hold microelectrode in place in for different durations (1 day-8 weeks), 3) move the microelectrode 1 mm down at 10 μm/sec and measure dynamic and static forces on probe. The protocol resembled indentation measurement with AFM tips. However, in this study the microelectrode was implanted in the tissue prior to movement, allowing measurement of forces required to move the probe through any scar tissue that formed around it. In this study we did a series of acute experiments to determine the optimal experimental parameters. We found loading rates of 100 μm/sec to have dynamic force measurements that are inconsistent (n=2 craniotomies). Moving the microelectrode at 10 μm/sec showed consistency in force-displacement measurements. The idea was to reduce potential injury induced variability that may influence the interfacial wound healing process.
Typical force-displacement curves during penetration of tissue as the microelectrode moves 1 mm down into the tissue at 10 μm/sec can be seen in Fig. 2 . Force-displacement curves obtained on the day of implantation were consistent with prior studies [18, 35] . Forces were typically registered as negative values by the load cell due to compression and tissue resistance during movement of the microelectrode into the brain. Forces acting on the microelectrode represented both shear and compressive forces. Initial indentation stresses (up to 300 μm depth) (1) in Fig. 2 were expected to be mostly from compressive forces acting on the microelectrode during penetration. However, as the microelectrode moved deeper, the contribution of the shear forces was expected to increase. The end stress point (3) in Fig. 2 reflected the maximum shear force exerted by the brain tissue at that depth. After displacement of 1 mm into the tissue, the microelectrode was held at the depth for at least 500 sec while the forces on the microelectrode relaxed (4).
To better characterize the range of stresses (calculation of stress is described later) exerted on the microelectrode during the insertion process, the force-displacement curves were delineated into 3 zones -initial stress zone (up to 300 μm depth) representing penetration stresses, the end stress point at 1 mm depth, and steady-state stress zone (500 secs into the relaxation phase after reaching the end stress point). The distribution of effective stress values within each of the three stress zones were analyzed using Tukey box-whisker plots (n= 31 animals; data was pooled from acute and chronic experiments on the first day of implantation). The median value of effective stresses in penetration zone was ∼5.4 kPa (Q1=-9.0 kPa, Q3=-3.4 kPa) that is comparable to elastic moduli reported earlier (where a linear elastic model was used to estimate the elastic modulus from the initial slope of a similar force-displacement curve [18] in acute experiments). Independent, flat-punch experiments suggests that stresses in the initial stress zone (5-7 kPa) reflected the elastic moduli of the brain under low strain rate conditions. The variation of stresses in the initial stress zone (Q1=-9.0 kPa, Q3=-3.4 kPa) is in part due to the heterogeneity present on the surface of brain tissue. For instance, the presence of meningeal layers impacted the stress values in this zone. The range of effective stresses in the initial zone after removal of the dura using a dural pick (without removal of the pia below) was 6.3-8.3 kPa (n=10). If the dura was removed by a collagenase treatment (similar to Paralikar et al. [36] ), the range of effective stresses in the initial zone was 8.5-10.5 kPa (n=2). If small nicks were made in the dura (n=8) to accommodate the microelectrode effective stresses were 4.4 -5.5 kPa with exception of 1 animal in which the average effective stress was 8.2 kPa. In craniotomies with visibly damaged pia (i.e broken blood vessels/fully exposed cortex), the effective stresses in the initial zone were 0.48 -3.3 kPa (n=9). Multiple insertions in the same spot also resulted in decreased effective stresses of 1.9 -2.4 kPa (n=2) in the initial zone. Regardless of the initial penetration stresses, the final steady-state stress settled to a median value of ∼0.44 kPa (Q1=-1.8 kPa, Q3=-0.112 kPa). Effective stresses in the initial zone are therefore dependent on 1) insertion speed 2) presence of pia and other meningeal layers 3) tissue heterogeneity and 4) microelectrode geometry [18, 33, 37, 38] . Interestingly, the initial insertion stresses have been shown by Welkenhuysen et al. [35] to not correlate with the degree of subsequent gliosis around the implant after 4 weeks.
After different durations of implantation time (4 hours to 8 weeks) when the effective stresses on the microelectrode were in the steady-state zone (median=0.44 kPa, Q1=-1.8 kPa, Q3=-0.112 kPa), the load cell was re-attached, monitored for equilibrium for 30 min and zeroed. The microelectrode was then moved for an additional 1 mm at a constant loading rate of 10 μm/sec. Force measurements were sampled at a frequency of 54 Hz.
Estimation of stress from force measurements
A typical force-displacement curve as the microelectrode penetrated the brain at a speed of 10 μm/sec is shown in Fig. 2 . The initial part of the force curve (∼200 -300 μm) is expected to reflect compression of brain tissue by the microelectrode before penetration and puncture. Other groups have also observed this as a dimpling effect before linearization of the forces [35, 39, 40] . In this study, we treat this portion as an indentation of the brain tissue. The second part of the force-displacement curve until the microelectrode reaches a depth of 1 mm in the brain is typically smaller in slope and fairly linear. Sharp et al refer to the second part of the curve as a cutting force, where the microelectrode cuts through the tissue in front [18] . After termination of movement, the forces on the microelectrode relax in a timedependent, viscoelastic manner. The force-displacement curves up to the 1 mm point could be treated as a small, stepped strain experiment and could be characterized using conventional viscoelastic models to characterize the shear stresses on the microelectrode [41, 42] .
To estimate the effective stress on the microelectrode as a force per unit contact area, the contact area of the microelectrode in brain tissue was calculated for the tapered geometry based on Fig. 1C . For the first millimeter, the surface area at any given point was calculated for a conical frustum: (1) where A is the surface area, r l is the contact radius, r is the tip radius. S is the slant height defined as (2) where h l is defined as the height of the conical frustum at a given contact radius (r l ). The tip radius was 10 μm. The contact radius (r l ) can be calculated using the trigonometric relationship between penetration depth and the tip taper angle (θ = 5°). The microelectrode has a cylindrical geometry 1 mm away from the tip, and the additional contact surface area contribution from the cylindrical portion was (3) where r c is the contact radius of the cylinder (100 μm), and h c is the height of the cylinder at the contact point. Since the loading rate was constant, the change in effective surface area could be calculated for each point in the force-displacement curve based on the sampling frequency of the load cell. To further calculate the effective stress on the microelectrode, the measured force was divided by the area calculated at the corresponding time point.
Estimating Elastic Moduli
Using the indentation portion of force-displacement curve (Fig. 2) and estimated strain over the first 200 μm from a Hertzian indentation model for conical probes, elastic moduli of the interface under chronic implantation conditions was calculated using a 2-parameter Mooney-Rivlin (MR) hyperelastic model. The MR model is a widely used to describe incompressible rubbers and brain tissue. The 2-parameter MR model can be described using a strain energy equation: (4) where C ij are the material parameters, i = 1 to N are incremental integers representing material constants, I 1 and I 2 are strain invariants, J el is the elastic volume strain, and D i is a compressibility coefficient. Incompressibility is assumed for brain tissue, allowing for the second term in the right hand side of eqn. 4 to be zero. Stress-strain curves were generated to fit the MR model in ABAQUS 6.11 using the built-in least squares regression model fitting material evaluation feature. The elastic modulus of brain tissue in the interface under chronic conditions was calculated from the C 10 and C 01 parameters [16] , using the following equation: (5) 
Analysis of Viscoelastic Parameters and Estimating Shear Moduli
A viscoelastic model was used to model the time-dependent relaxation of the measured forces beyond the maximum stress zone. Effective stresses were calculated using the terminal depth achieved by the microelectrode. The relaxation stress curves were smoothed to remove effects of tissue micromotion. Due to small strains involved in the relaxation phase, a viscoelastic model described by a relaxation modulus with a 2 nd order Prony series expansion was found to be the best fit (R 2 >0.90): (6) where G(t) is the relaxation modulus as a function of time, G l is the long term shear modulus calculated 500 sec after termination of microelectrode movement, and τ k is the characteristic time constant for the tissue. This model with a Maxwell type element was also extensively described by Gefen et al [27, 41] . To remain consistent with observations in prior studies, effective stresses observed for the first 90 secs after termination of microelectrode movement were fitted using the above model in this study.
Analysis of stresses due to brain micromotion
To characterize the amplitude of forces due to tissue micromotion correlated with breathing and vascular pulsatility, the average peak-to-peak force amplitudes was determined over a 20 sec interval during the steady-state zone of the relaxation phase. To determine the forces exclusively due to vascular pulsatility, peak forces whose periodicity correlated with the monitored heart rate and registered between two successive peak forces correlated to breathing were considered to be due to tissue micromotion as a result of vascular pulsatility. The corresponding stresses on the microelectrode due to tissue micromotion was correlated to the average steady-state stresses determined over a one-second interval 500 sec after termination of microelectrode movement as shown in Fig. 9b on the day of implantation.
Results
Dynamics of effective stresses on the microelectrode
In n=4 animals, forces were measured as the microelectrode was moved a further distance of 1 mm at a rate of 10 μm into the brain 4 hrs after an initial implantation at 1 mm depth. The effective stresses on the electrode derived from the force-displacement curves are shown in Fig. 3 . The corresponding effective stresses monotonically increased over the first 200-300 μm, before reaching a plateau stress value suggesting perhaps puncture and penetration into the tissue. The terminal effective stress ranged 0.5 kPa to 2.5 kPa at 2 mm depth. Small fluctuations in effective stresses persisted during the microelectrode movement suggesting some level of tissue heterogeneity within the somatosensory cortex. The effect of tissue micromotion registered as high frequency fluctuations in effective stresses on the microelectrode is also evident.
The force-displacement curves when the microelectrode was moved after different durations of implantation are shown in Fig. 4a & b Fig. 4c , possibly reflecting the initiation of scar tissue formation at the interface. At the end of 4 weeks, the stresses at a depth of 500 μm increased to ∼15-30 kPa (n=4) and was approximately 25 -50 kPa at a depth of 2 mm. However, after 6 weeks (n=4) and 8 weeks (n=3) of implantation in 5 of 7 animals, effective stresses on the microelectrode at 2 mm depth decreased to those observed after 2 weeks of implantation. In one of the 4 animals with 6 weeks of implantation, effective stresses at a depth of 2 mm was comparable to effective stresses on day 1. In one of three animals with 8 weeks of implantation effective stresses at a depth of 2 mm was comparable to those observed after 4 weeks of implantation, suggesting an extended inflammation and scar tissue reaction. Closer inspection of the force-displacement curves obtained after 6-8 weeks of implantation in 6 of 7 animals (with exception of one 8-week animal) showed that the forces during the initial 200-300 μm of microelectrode were higher than the corresponding forces observed during microelectrode movement after 2 and 4 weeks of implantation. However, as the microelectrode moved beyond 200-300 μm after being implanted for more than 6 weeks in 6 of 7 animals, a significant decrease in effective stresses on the microelectrode is observed in 5 out of 7 animals. In one of the animals (with implantation time over 6 weeks), a low constant effective stress was observed over the first 800 μm of microlectrode movement, after which the effective stresses abruptly decreased to approximately zero. Finally, in one of the animals with 8 weeks of implantation time, a steadily increasing stress was observed similar to the corresponding forces in 2 of the 4-week animals. Control force measurements (1 mm away from the implant site using a secondary microelectrode) in 3 different animals with microelectrode implanted for 4 weeks, 6 weeks and 8 weeks respectively showed forces of 1-2 mN at 1 mm depth similar to those from animals on the day of implantation confirming the mechanical integrity of the brain tissue in the craniotomy. An example of forces reflecting the integrity of the implantation site and the brain tissue surrounding the implantation is shown in Fig. 5 with the original force-displacement curve after 8 weeks of implantation superimposed with two additional trends at 0.75 -1 mm away on either side of the implantation site (Fig. 5) . The forces experienced by the microelectrode in the immediate vicinity of the implantation site was comparable to the corresponding forces on the day of implantation suggesting mechanical integrity of the brain tissue.
Maximum and steady-state stresses at the interfacial brain tissue
The exponential decrease in effective stresses on the microelectrode during relaxation of the brain tissue after termination of microelectrode movement at a depth of 2 mm is shown in Fig. 6 for different durations of implantation time. Minor, short-term changes in stress on the microelectrode and other variations were observed among the stress relaxation curves possibly due tissue micromotion effects (periodic) and heterogeneity in sheared brain tissue itself (non-periodic). However, majority of the curves followed an exponential relaxation pattern, characteristic of viscoelastic materials at least for the first 90 seconds. At 2 mm depth, the final effective stress values at steady-state are around -1.0 ± 0.86 kPa for day 1 (n=4), which is consistent with reported elastic modulus values for CSF [43] . It should be noted that the steady-state stresses at 1 mm (n=31, see methods) were -0.98 ± 1.0 kPa, which is similar to 2 mm depth in cortex.
The maximum and steady-state stresses for implantation durations of 1 day (n=4), 10 days-2 weeks (n=4), 4 weeks (n=4), 6-8 weeks (n=7) were plotted as a Tukey boxplot in Fig. 7 . The median values of maximum stress for each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day 1 (median=-1.7 kPa, Q1=-2.4 kPa, Q3=-0.83 kPa), day 10 -2 weeks (median=-10.9 kPa, Q1=-13.4 kPa, Q3=-9.2 kPa), 4 weeks (median=-26.9 kPa, Q1=-41.8 kPa, Q3=-20.7 kPa), 6 -8 weeks with 1 outlier (red dot) (median=-5.8 kPa, Q1=-14.8 kPa, Q3=-3.3 kPa). The corresponding median values of steady-state stresses for each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day 1 (median=-0.97 kPa, Q1=-1.7 kPa, Q3=-2.6 kPa), day 10 -2 weeks (median=-8.7 kPa, Q1=-9.8 kPa, Q3=-7.2 kPa), 4 weeks (median=-13.9 kPa, Q1=--24.8 kPa, Q3=-12.5 kPa), 6 -8 weeks with 1 outlier (red dot) (median=-3.8 kPa, Q1=-7.2 kPa, Q3=-1.8 kPa).
There is a monotonic increase in the maximum effective stress and steady-state effective stresses with increasing durations of implantation time up to 4 weeks. After 6-8 weeks of implantation, the maximum (-5.8 kPa, median value) and steady-state (-3.8 kPa, median value) effective stresses were comparable to corresponding values measured on day 1. Assessment for statistical significance using student's t-test showed no significant difference between stresses on day 1 and those after 6-8 weeks of implantation, even with removal of the outlier. Statistically significant differences were observed between maximum stress values after day 1 and day 10 -2 weeks (p < 0.01), day 1 and 4 weeks (p < 0.01), day 10 -2 weeks and 4 weeks (p < 0.05), and 4 weeks and 6-8 weeks (after removal of the outlier, p<0.01) of implantation times. Similarly, statistically significant differences were also observed between steady-state stresses after day 1 and day 10 -2 weeks (p<0.01), day 1 and 4 weeks (p<0.05), day 10 -2 weeks and 6-8 weeks (p<0.01), and 4 weeks and 6-8 weeks (after removal of the outlier, p<0.01) of implantation times. Wider variation in maximum and steady-state stress values were observed after 4 weeks of implantation compared to other time-points, suggesting animal to animal variability in the levels of inflammation and scar tissue formation after 4 weeks of implantation. As a check, comparison of the ratios of steady-state stress to maximum stress after different durations of implantation suggests that similar levels of strains/deformation were induced in all the chronic animals under the movement protocol used in this study (data not shown). The increase in the maximum effective stress is indicative of the increase in interfacial mass density in the brain tissue close to the microelectrode [44] .
Forces and stresses due to tissue micromotion
Close inspection of the force-displacement curves on the day of implantation revealed periodic fluctuations on the forces exerted on the microelectrode by the brain tissue as shown in Fig. 8 (from n=2 animals) . The larger amplitude periodic fluctuations in forces correlated with the observed breathing rates while the smaller amplitude fluctuations at ∼5-6 Hz correlated with the observed heart rates at the time of recording. Peak-to-peak amplitudes in forces correlated to breathing were 80 -130 μN. Peak-to-peak amplitudes in forces correlated to vascular pulsatility were 14 -25 μN. In addition, effective peak-to-peak stresses due to tissue micromotion related to breathing were directly correlated (R 2 =0.77) to the average steady-state stresses on the day of implantation (n=8 animals) as shown in Fig.  8b . In the same figure, steady-state stresses varied between 0.5 to 3.0 kPa at 1 mm depth into the brain tissue and micromotion-induced effective stress on the microelectrode varied from 0.2 to 0.4 kPa.
Tissue micromotion induced forces are also observed under chronic implantation conditions. The steady-state forces exerted on the microelectrode at 2 mm penetration depth into the cortex after varying durations of implantation are shown in Fig. 9a . The amplitude of micromotion induced effective stresses was plotted with steady-state stresses as shown in Fig. 9b & c. The steady-state stresses vary from 0.5 kPa on the day of implantation to 35 kPa, 4 weeks after implantation. Corresponding micromotion induced effective stress amplitudes range 0.1 -2.6 kPa with peak values observed 4 weeks after implantation. Beyond 6 weeks of implantation, the steady-state effective stresses on the microelectrode in 6 of 7 animals decreased to a range of 0.74 to 7.2 kPa. The corresponding tissue micromotion induced effective stresses (0.07 -0.29 kPa) were also similar to values observed on the day of implantation (0.08-0.21 kPa). Therefore, the average tissue micromotion induced stresses on the microelectrode constituted 12-55% of the steady-state stresses on the microelectrode on the day of implantation (n=4), 2-21% of the steady-state stresses after 4 weeks of implantation (n=4), and 4 -10% of the steady-state stresses after 6-8 weeks of implantation (n=7).
Viscoelastic Parameters of Interfacial Brain Tissue Under Chronic Conditions
The relaxation of forces in the force-displacement curves shown in Fig. 6 was modeled using an exponential viscoelastic model described in equation 6. This model has been well characterized by Gefen et al. for adult rats under acute conditions [41] . The aim here was to extend this model to estimate the long-term changes in the constitutive properties of the brain tissue at the interface. The values of G 1 , G 2 , and corresponding relaxation time constants after different durations of implantation time are shown in Fig. 10 . The values of the above constants on the day of implantation (at 2 mm depth) and those determined during relaxation after the initial penetration to 1 mm depth are consistent with prior reports [41] . Over 4 weeks of implantation time, G 1 and G 2 increased monotonically reaching a maximum of 19.6 kPa (G 1 ) and 6.7 kPa (G 2 ). With the exception of one 8-week animal (with a G 2 of 44 kPa), G 1 and G 2 values decreased beyond 4 weeks of implantation time and were similar to those after 2 weeks of implantation suggesting that as the microelectrode travels from a depth of 1 mm to 2 mm, it interacts with softer brain tissue after 6 weeks of implantation. Short-term time constants (τ 1 ) were less than 25 sec for the majority of animals (14/19). Long-term relaxation time constants (τ 2 ) < 300 sec in 11/19 animals.
The instantaneous shear modulus (G(0)) calculated using the 2 nd order viscoelastic model at t=0 for 1 day (n=4), 10 days-2 weeks (n=4), 4 weeks (n=4), 6-8 weeks (n=7) is shown in Fig. 11 . Values on the day of implantation (1.2 kPa) were similar to those reported by Gefen et al. [27] . The median values of G(0) for each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day 1 (median=1.8 kPa, Q1=0.90 kPa, Q3=2.5 kPa), day 10-2 weeks (median=12.9 kPa, Q1=10.6 kPa, Q3=14.1 kPa), 4 weeks (median=28.7 kPa, Q1=23.5 kPa, Q3=45.5 kPa), 6-8 weeks with 1 outlier (red dot) (median=7.2 kPa, Q1=4.2 kPa, Q3=7.9 kPa). As the chronic implantation time increased, the instantaneous shear modulus increased to a maximum of 59.3 kPa (after 4 weeks of implantation) before decreasing to < 7.9 kPa after 6 weeks of implantation in 6 of 7 animals. One 8-week animal was an outlier with a G(0) of 62.6 kPa. Statistically significant difference was observed for shear modulus values between day 1 and day 10-2 weeks (p<0.01), day 1 and 4 weeks (p <0.01), day 10-2 weeks and 4 weeks (p<0.05), day 10-2 weeks and 6-8 weeks (p<0.01, without outlier) and 4 weeks and 6 weeks (with removal of the outlier) (p<0.01). G(0) values on day 1 and 6-8 weeks (without the outlier) were not significantly different. Therefore, chronic implantation leads to a short-term increase in stiffness of brain tissue, before reverting back to more compliant, softer conditions beyond 6 weeks.
The MR model was used for the brain tissue and the corresponding values for C i0 parameters are shown in Table 1 . The estimated elastic moduli of the brain tissue in the interface after different durations of implantation time are shown in Fig. 12 . The elastic modulus on the day of implantation (4.1-7.8 kPa) is similar to prior published values [18, 22] . After 4 weeks of implantation time, the elastic modulus of the surrounding tissue reaches a peak value of 44.9 kPa. Beyond 6 weeks of implantation, elastic modulus of the brain tissue exhibited a range of 6.8-33.3 kPa with an outlier (one 8 week animal) at 62.5 kPa. Statistically significant differences were observed between elastic moduli estimated after 1 day and 10 days-2 weeks (p<0.01) of implantation, 1 day and 4 weeks (p<0.01) of implantation, and 1 day and 6-8 weeks (p<0.05, without outlier) of implantation.
Comparison of elastic moduli between any of the other groups (i.e 10 days-2 weeks and 4 weeks, and 4 weeks and 6-8 weeks) did not yield any statistically significant difference.
Discussion
Axial forces on the microelectrode moving through the brain reflect the material and mechanical properties of the brain tissue at the interface. The estimated biomechanical interface comprises of ∼300-500 μm radius surrounding the microelectrode, based on finite element models [42, 45] and Hertzian indentation theory of the ratio of the contact radius to indentation depth [46] . The dimensions of the biomechanical interface are marginally larger than the interface as defined by cellular and molecular changes (approximately 200-250 μm radius) in the vicinity of the microelectrode [2] . We have quantified the dynamic changes in the material properties of the brain-electrode interface over 8 weeks of chronic implantation of the microelectrode. As cortical implantation time increased, the effective maximum stresses on the microelectrode at 2 mm depth monotonically increased over the first 4 weeks of implantation from 1-2 kPa to 52.8 kPa indicating a progressively increasing stiffness in the brain tissue in the microelectrode-tissue interface likely as a result of ongoing repair and inflammatory responses in the brain tissue.
Estimated instantaneous shear moduli increased monotonically (to 25 -59.3 kPa) over the first 4 weeks of implantation time but subsequently decreased significantly (to 0.8 -7.9 kPa) after 6-8 weeks of implantation time in 6 of 7 animals, suggesting replacement or compaction of the stiffer tissue in the interface (Fig. 11) . In one 8 week animal the calculated shear modulus was exceptionally high (62.6 kPa), suggesting an unusually prolonged, inflammatory response yielding material values similar to the maximum observed at 4 weeks (59.3 kPa). Surgical notes did not indicate any exceptional differences during the implantation procedures compared to other chronically implanted animals. The brain-electrode interface was noted to be well maintained and force curves registered ∼1mm away from the implant site showed normal brain tissue similar to acute experiments with no signs of tissue dehydration (Fig. 5) in that animal. The instantaneous shear moduli (0.5-2.6 kPa) on the day of implantation were consistent with those reported earlier for material parameters in adult rats [27] . Age itself is not expected to be a significant factor in the observed increase in stiffness in adult rats since the changes in stiffness reported here are 1-2 orders of magnitude above changes in stiffness observed due to age.
The above data on elastic moduli coupled with the trends in shear moduli of the brain tissue after 4 weeks of implantation time suggests that the brain tissue surrounding the microelectrode after 4 weeks of implantation time evolves from a stiff matrix with maximal shear and elastic moduli into a composite of two different layers with different mechanical properties -a stiff compact inner layer surrounded by softer brain tissue that is biomechanically similar to brain tissue during the first week of implantation. The difference between the calculated shear and elastic moduli could be reflective of this phenomenon. In addition, inspection of stress-displacement curves corresponding to 6 & 8 weeks after implantation (Fig. 4d) suggests that over the first 200-300 μm of displacement, the stiffness of the brain tissue is similar to those observed after 4 weeks of implantation (with similar slopes), but for displacements beyond that the stiffness is similar to those observed over 1 week of implantation (Fig. 4) .
A dominant hypothesis is that the mechanical mismatch between the microelectrode and the brain results in the eventual failure of the microelectrode. Our results indicate a progressive stiffening of the interface around the microelectrode over a 4-week period immediately after implantation that could be partly due to such mechanical mismatch. Interestingly, some studies suggest electrical recordings from neural interfaces also experience deterioration in performance over a similar time frame. Signal-to-noise ratio (SNR) decreased after ∼3 weeks of implantation in several long-term studies [4] . Electrical impedance measurements also reportedly increased after ∼ 2-3 weeks in several studies [47] [48] [49] . Williams et al observed that the fraction of active microelectrodes in multi-electrode wire arrays decreased around 3-4 weeks [50] . The determination of dynamic changes in material properties of the brain tissue that vary over an order of magnitude should aid design of future neural implants. For instance, microelectrode designs that can dynamically adapt to the changing material properties of the interface can potentially enhance the reliability of the neural interface.
Histological and immunohistochemical markers have been used to catalog changes in tissue composition during the first 4 weeks of implantation [1, 2] . During this time, the tissue response to a chronically implanted microelectrode typically leads to the formation of a scar tissue dominated by reactive astrocytes and activated microglia that surround and isolate the microelectrode from the brain. The stiffening of interfacial tissue observed in this study begins between 2-4 weeks after implantation. A recent in vitro study demonstrated that density of fibroblasts (NIH3T3) increases with substrate stiffness and saturates at stiffness of ∼20 kPa similar to peak stiffness values found this study [51] . Astrocytes are also known to exhibit substrate stiffness dependent response, where increased stiffness led to astrocytic proliferation [52] . Dynamic cellular reorganization during this early phase of the glial scar formation in vivo suggests a significant mechanical role by meningeal fibroblasts in laying down an appropriate ECM for repair [2] . In spinal cord stab injury study, meningeal fibroblasts were found to invade the wound site and play a key role in the repair process [53] . The interaction between fibroblasts and astrocytes are known to determine the type and level of scarring and whether axonal regeneration is possible. McConnell et al showed that microelectrode extraction forces from histologically fixed brains increased after 28 days of implantation compared to the forces after 7 days of implantation. Furthermore, the microelectrode extraction forces correlated to increased GFAP expression [40] in the astrocytes. In a different study, it was reported that an individual astrocyte can exert upto ∼591 Pa on an AFM tip compared to 75 Pa for a neuron [54] . Therefore, the dynamic changes in material properties observed in this study is likely due to the synergistic interactions of astrocytes and fibroblasts during the formation of the glial scar. Interestingly, the compaction of glial scar typically observed at 6-12 weeks in prior studies corroborate with the marked decrease in overall shear modulus and the composite behavior of forcedisplacement curves after 6 and 8 weeks of implantation observed in this study.
Increased stiffness of the tissue substrate has been shown to promote neural migration and change in neurite behavior [55] , and neuronal degeneration [56] . Earlier, we had reported brain tissue micromotion of ∼30 μm due to breathing in anesthetized rodents. In this study, the effective stresses due to micromotion (due to a combination of breathing and vascular pulsatility) is measured and tracked as a function of implantation time and shown to vary with relative stiffness of the brain tissue surrounding the microelectrode. At the molecular level, persistent micromotion due to the periodic vascular pulsatility and respiration has been shown to lead to increased inflammation and apoptosis in neuronal cells [57] . Therefore, development of mechanically compliant substrates and coatings that also have the ability to absorb micromotion-induced stresses may mitigate the severity of scarring around the microelectrode. Some reports on the improvement in performance of floating and flexible microelectrodes may be due to the compliance of such systems to the micromotion induced stresses [2] . This is a growing body of work that suggests mechanically compliant coatings may result in considerable reduction of scarring [58] [59] [60] . Alternative strategies might be softening or loosening of the matrix around the tip for long-term signal fidelity. The generation of an appropriate ECM for promoting neuronal regrowth is one of the current strategies reported for improved performance [61, 62] . Bioactive strategies that prevent the initial increase in elastic modulus around 2 weeks may enable the formation of an appropriate ECM conducive to neuronal tissue that may prevent loss of neural signal. Understanding the biomechanical behavior at the brain-microelectrode interface is necessary for long-term success of implantable neuroprosthetics and microelectrode arrays. It should be noted the focus of this study was mainly in the cortical regions of the brain and the dynamics of material changes reported here may differ in other regions of the brain such as the white matter tract. Experimental set-up for chronic force measurements. (A) The microelectrode is a 200 μm diameter stainless steel probe was mounted on a tension/compression load cell. The load cell was mounted to a motorized micromanipulator (FHC). (B) A typical setup with a microelectrode is shown on a live, anesthesized rat. The two adjustable posts on either side of the microelectrode allow for immobilization on the skull under chronic conditions. The force setup was positioned over a stereotaxically immobilized rat with exposed brain tissue (2.0-2.5 mm lateral to midline and 2.0 mm posterior to bregma). The setup is attached to the micromanipulator via a magnetic link. (C) The geometry of the conical stainless steel probe used for force measurements is shown where h is 1 mm in height, h c is also 1 mm, r c is the radius of the cylindrical portion of the probe, r l is the radius of the conical portion of the probe based on a given penetration depth, r is the radius of the tip (10 μm) and the sub-script "l" denotes the penetration depth. (D) A close-up view of a chronically implanted stainless steel microelectrode in brain tissue. Summary of key mechanical events that are likely to happen during each phase of the forcedisplacement curve shown in Fig. 1 . During the first 200-300 μm (labeled '1'), the microelectrode exerts a compressive force on the brain tissue as it deforms and indents the tissue without penetrating. Beyond this depth, puncture and penetration occurs (labeled '2') and the microelectrode essentially cuts through the brain tissue. At the end of the movement of the microelectrode (labeled '3'), maximum force on the microelectrode is observed. This point represents mostly shear forces on the microelectrode. As the brain tissue relaxes around the microelectrode, a steady-state plateau (labeled '4') is eventually observed. The relaxation from point (3) to point (4) can be characterized using a viscoelastic model due to small strain conditions. Effective stresses exerted on the microelectrode as it is moved from a depth of 1 mm to 2 mm at 10 μm/sec. The measurements were made 4 hours post-implantation at 1 mm depth. (n=4 animals). Force-displacement curves measured as the microelectrode was moved from a depth of 1 mm to 2 mm after different durations of implantation in the brain tissue. Microelectrodes were implanted at 1 mm depth for 4 hours on day 1 (n=4), 10 days (n=2), 2 weeks (n=2), 4 weeks (n=4), 6 weeks (n=4) and 8 weeks (n=3). Force-displacement curves are shown in (A) from 1 day to 4 weeks and (B) 1 day, 4 weeks, 6 weeks, and 8 weeks. (C) and (D) show corresponding effective stresses on the microelectrodes after implantation for durations ranging from (A) 1 day to 4 weeks and (B) 1 day, 4 weeks, 6 -8 weeks. Highest stresses were observed for microelectrodes that were moved after 4 weeks of implantation. A representative example of preservation of the brain tissue integrity surrounding the implant site. A force curve (1 to 2 mm), 'a', derived from an 8-week animal (same as the one in Fig. 5 with the highest forces) is superimposed with two additional force curves-'b' and 'c'---derived from 0.75 and 1 mm away from the implant site within the same craniotomy. Forces away from the wound site were similar to the representative force data displayed for day 1 acute animals,'d'. Effective stresses on the implanted microelectrode during relaxation of brain tissue subsequent to the termination of microelectrode movement at 2 mm depth after different durations of implantation in (A) (1 day -4 weeks) and (B) (1 day, 4 weeks, 6-8 weeks). Maximum (A) and steady-state (B) stresses exerted on the implanted microelectrode after different durations of implantation (1 day (n=4), 10 days-2 weeks (n=4), 4 weeks (n=4), 6-8 weeks (n=7)). Maximum stresses were effective stresses on the microelectrode immediately after the termination of microelectrode movement. Steady-state stresses corresponded to effective stress values 500 sec after termination of microelectrode movement during the relaxation of brain tissue. The median values of maximum stress for each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day 1 (median=-1.7 kPa, Q1=-2.4 kPa, Q3=-0.83 kPa), day 10 -2 weeks (median=-10.9 kPa, Q1=-13.4 kPa, Q3=-9.2 kPa), 4 weeks (median=-26.9 kPa, Q1=-41.8 kPa, Q3=-20.7 kPa), 6-8 weeks with 1 outlier (red dot) (median=-5.8 kPa, Q1=-14.8 kPa, Q3=-3.3 kPa). The median values of steady-state stress for each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day1 (median=-0.97 kPa, Q1=-1.7 kPa, Q3=-2.6 kPa), day 10-2 weeks (median=-8.7 kPa, Q1=-9.8 kPa, Q3=-7.2 kPa), 4 weeks (median=-13.9 kPa, Q1=--24.8 kPa, Q3=-12.5 kPa), 6-8 weeks with 1 outlier (red dot) (median=-3.8 kPa, Q1=-7.2 kPa, Q3=-1.8 kPa). Statistical significance between groups was assessed using student's t-test. * represents p<0.05, ** represents p<0.01, and ** □ represents p<0.01 where t-test was conducted without the outlier. Micromotion induced forces on the microelectrode embedded at 1 mm depth. (A) Forces exerted on the microelectrode are shown from (n=2) representative animals. Large, periodic forces with amplitudes 80-130 μN correspond to breathing rate. Periodic, smaller peaks in forces (arrows in the inset) with amplitudes 14-25 μN correspond to heart rate. (B) Effective stress on the microelectrode due to tissue micromotion corresponding to breathing is correlated to the steady-state stress on the microelectrode on the day of implantation (n=8 animals). Results of fitting a viscoelastic model to the first 90 sec of stress-relaxation curves shown in Calculated instantaneous shear moduli (G(0)) of interfacial brain tissue using viscoelastic model after different durations of implantation (1 day (n=4), 10 days-2 weeks (n=4), 4 weeks (n=4), 6-8 weeks (n=7)). G(0) represents the instantaneous shear modulus estimated from the model in Fig. 10 at t=0, where G(0)=G 1 (0)+G 2 (0)+G ∞ . The median values of instantaneous shear moduli in each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day1 (median=1.8 kPa, Q1=0.9 kPa, Q3=2.5 kPa), day 10-2 weeks (median=12.9 kPa, Q1=10.6 kPa, Q3=14.1 kPa), 4 weeks (median=28.7 kPa, Q1=23.5 kPa, Q3=45.5 kPa), 6-8 weeks with 1 outlier (red dot) (median=7.2 kPa, Q1=4.2 kPa, Q3=7.9 kPa). Statistical significance between groups was assessed using student's t-test. * represents p<0.05, ** represents p<0.01, and ** □ represents p<0.01 where t-test was conducted without the outlier. Estimated elastic moduli for interfacial brain tissue after different durations of implantation (1 day (n=4), 10 days-2 weeks (n=4), 4 weeks (n=4), 6-8 weeks (n=7)). The elastic moduli were estimated from C 10 values in the Mooney-Rivlin (MR) hyperelastic model. The median values of elastic moduli in each group with 1 st and 3 rd quartile (Q1 & Q3 respectively) were: day 1 (median=7.5 kPa, Q1=5.7 kPa, Q3=7.7 kPa), day 10-2 weeks (median=24.6 kPa, Q1=22.7 kPa, Q3=32.2 kPa), 4 weeks (median=35.2 kPa, Q1=29.2 kPa, Q3=40.7 kPa), 6-8 weeks with 1 outlier (red dot) (median=19.6 kPa, Q1=17.5 kPa, Q3=33.2 kPa). Statistical significance between groups was assessed using student's t-test. * represents p<0.05, ** represents p<0.01, and ** □ represents p<0.01 where t-test was conducted without the outlier. 
